We present a pharmacologic characterization of the Na+ ionophores present in L6 myotubes in vitro. Action potentials are abolished by replacement of the external Na+ by Tris. The amplitude of the action potential is generally resistant to high concentrations of tetrodotoxin (10-5 M) and saxitoxin (10-68 M), but the effect of these agents is highly variable. Veratridine (10-4 M) consistently induces, as a short-term effect, a marked prolongation of the falling phase of the action potential. As a long-term effect, veratridine consistently in uces a Na+-dependent reduction in the resting potential of the cell. The rat skeletal muscle line L6 isolated by Yaffe (2) provides a system in which the development of chemical and electrical excitability may be studied in vitro. L6 myoblasts are seldom electrically excitable (3-5); their response to acetylcholine is not characteristic of skeletal muscle (6). When myoblasts fuse to form multinucleated myotubes, the cells develop electrical excitability (3-5) and the cholinergic response becomes nicotinic (6) (7) (8) .
dine consistently in uces a Na+-dependent reduction in the resting potential of the cell. The effects of veratridine on the action potential are not antagonized by tetrodotoxin or saxitoxin. However, the effects of veratridine on the resting potential are strongly antagonized by tetrodotoxin (10-5 M) and fully inhibited by saxitoxin (10-6 M) . Significantly, under conditions where saxitoxin has fully inhibited the effects of veratridine on the resting potential, the myotubes are capable of generating overshooting action potentials. In contrast to their sensitivity to veratridine, L6 myotubes are insensitive to 10-5 M a-dihydro-gayanotoxin-IL. These results are discussed in the contexts of developmental significance and current views about Na+ ionophores. The elucidation of the molecular events underlying the development of chemical and electrical excitability in embryonic systems remains one of the challenges of developmental cell biology. The complexity of most embryonic systems has prevented an analysis of the relevant variables in situ, although some striking results have been obtained (1) .
The rat skeletal muscle line L6 isolated by Yaffe (2) provides a system in which the development of chemical and electrical excitability may be studied in vitro. L6 myoblasts are seldom electrically excitable (3) (4) (5) ; their response to acetylcholine is not characteristic of skeletal muscle (6) . When myoblasts fuse to form multinucleated myotubes, the cells develop electrical excitability (3) (4) (5) and the cholinergic response becomes nicotinic (6) (7) (8) .
The L6 myotubes share many characteristics of embryonic and denervated skeletal muscle: (i) sensitivity to acetylcholine throughout the length of the fiber (7-10); (ii) action potentials (APs) are most readily elicited by anode-break excitation (3) (4) (5) 11) ; (iii) the APs are Na+-dependent but resistant to tetrodotoxin (TTX) (3, 4, 12, 13) ; (iv) the myotube membrane is electrogenically heterogeneous with membrane patches generating spontaneous APs, patches where APs are neither conducted nor can be elicited, and patches incapable of sustaining spontaneous activity but capable of responding to current stimuli with single APs; in L6 action potentials are generally not propagated (ref. 14; Sastre and Podleski, manuscript in preparation).
L6 myotubes can form functional synapses when innervated by rat spinal cord explants (15) . Thus, L6 is a suitable Abbreviations: AP, action potential; TTX, tetrodotoxin; STX, saxitoxin; a-DH-GTX-II, a-dihydro-grayanotoxin-II.
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model system for the study of changes in the properties of muscle fibers which take place upon innervation.
Here we report a further characterization of the voltagedependent, TTX-resistant Na+ ionophore present in L6 myotubes, with use of neurotoxins of known specificity for Na+ channels. We have examined the effects of two agents which block Na+ ionophores, TTX (16) and saxitoxin (STX) (16) , and two agents known to induce a large increase in the resting permeability of the electrically excitable membranes to Na , veratridine (17, 18) , and a-dihydro-grayanotoxin-II (a-DH-GTX-II) (19 Observations were always made after extensive fusion had occurred (6-14 days after plating); the myotubes were frequently striated and sometimes contracted when depolarized. The myotubes used in this study are much younger than the ones reported on in our first report (4) . By recloning the cells about every 6 weeks we have been able to maintain cells which fuse in 6-14 days. These cells fuse more extensively than the ones used previously. In most respects, the electrical responses of the myotubes in the two studies are similar.
Electrophysiological measurements were made at room temperature of 20-22°in Tyrode's solution of the following composition (in mmol/liter): NaCI, 138; KCI, 2.7; MgCl2, 1.8; CaC12, 1.8; NaH2PO4, 0.42; glucose, 5.5; Hepes (N-2-hydroxyethylpiperazine-N'-2 ethanesulfonic acid), 18. The pH was adjusted to 7.4. To minimize effects of evaporation we replaced the solution every [15] [16] [17] [18] [19] [20] (13) . Fig. 1 Na+-free solution is very characteristic and occurs even when the action potential is unaffected by TTX or STX. The response to TTX and STX is highly variable under our stimulating conditions, with fibers showing 5-95% reduction in the amplitude of the AP in 1.0 to 1.6 X 10-6 M STX and a 0-40% reduction in 10-5 M TTX. Fig. 2A and B illustrates the response of a myotube which is very resistant to 1.6 X 10-6 M STX. This variation exists from cell to cell in the same dish and does not correlate with age of the culture, size or morphology of the myotube, subclone number or number of cell generations away from cloning, batch of fetal calf serum being used, or any other variable that we have been able to identify.
To elucidate the source of this variability, we would have to estimate the percentage reduction in the peak Na+ current affected by various concentrations of TTX or STX. This would have to be obtained from voltage clamp experiments, which in this system would be a very difficult technical undertaking. Sensitivity to veratridine and interaction with TTX and STX In an attempt to study further the nature of the voltage-dependent Na+ ionophore in L6, we used the plant alkaloid veratridine, which increases the resting Na+ permeability of the membrane in a variety of tissues (17) . In contrast to the variable response to TTX and STX, the effects of veratridine were consistent.
(i) Short-Term Effects. Veratridine (10-4 M) within the first 3-10 min of application consistently produces a marked prolongation in the falling phase of the AP (see Fig. 3 ). Within the first 10 min there is no consistent reduction in the resting potential. We have not observed veratridine to induce spontaneous or repetitive firing; the cells remain capable of responding to current stimuli with no detectable change in threshold. The after-potential which is masked by the falling phase of the AP (compare Fig. 3B and F) will be described in detail elsewhere; for the present discussion we briefly summarize its properties. (i) The after-potential is a graded, voltage-dependent process and can be elicited by depolarizing current stimuli in control or Na+-free Tyrode's;
(ii) the membrane conductance is high in the hyperpolarizing phase and returns to normal in the repolarizing phase; (Mii) the amplitude of the after-potential is increased in Tyrode's containing 0.5 mM KCI and markedly reduced in solutions containing 25- Fig. 4 . Note that the characteristic prolongation of the falling phase induced by veratridine is present. Insensitivity to a grayanotoxin a-Dihydro-grayanotoxin-II (a-DH-GTX-II) is a powerful depolarizing agent, which acts by specifically increasing the resting Na+ permeability (19) . In the squid giant axon it exerts its effect half-maximally at 2.6 X 10-6 M in a few minutes. The effect can be titrated by TTX (19) . In contrast to their sensitivity to veratridine, L6 myotubes are insensitive to 10-5 M a-DH-GTX-II for up to 1 hr and remain capable of firing APs of unchanged amplitude or shape during this The number of observations is in parentheses. The statistical analysis used "Student's" unpaired t test. The P values given are the twotailed probabilities in which the values of the t distribution for the appropriate number of degrees of freedom are used. period. Table 1 and Fig. 2C and D show the results of representative experiments.
DISCUSSION
We will discuss our findings within the context of two issues: (i) developmental significance and (ii) implications about the mode and site of action of the pharmacologic agents used in this study.
1. The results presented here provide a pharmacologic characterization of the Na+ ionophores present in L6 myotubes. The L6 ionophores respond to the agents tested very differently from the response of innervated skeletal muscle (13, 17) ; the similarity in the properties of L6 ionophores and those present in embryonic (10-12) and denervated skeletal muscle (10) (11) (12) suggests that innervation plays a crucial role in the transition from the embryonic to the adult form of the ionophores. L6 myotubes can be successfully innervated in nitro (ref. 15 ; Land, Gartner, and Podleski, unpublished); thus, it should be possible to study in this system the role of innervation on the change in the properties of the ionophores. The characterization presented here provides the groundwork toward this goal.
A further suggestion on the role of innervation in regulating sensitivity to TTX and depolarizing agents comes from the work of Albuquerque and Warnick (21) , who observed that the effects of the depolarizer batrachotoxin were antagonized by TTX in innervated skeletal muscle; during denervation the sensitivity of the muscle to batrachotoxin did not increase, but the ability of TTX to antagonize the effects of batrachotoxin decreased in parallel with the appearance of TTX-resistant APs. Our studies using batrachotoxin on L6 myotubes are in progress.
2. Neurotoxins with known specificity for Na+ ionophores provide useful tools for characterizing and monitoring changes in the properties of the ionophores. However, our inferences about the structures of the ionophores will be no more accurate than our knowledge about the mode and site of action of the agents used. The observations that TTX and STX can antagonize the effects of veratridine on the resting potential, but not its effects on the AP (Table 1 and Fig. 4 ), raise the question of whether the voltage-dependent Na+ ionophores are functionally distinct from the ionophores responsible for the resting permeability to Na+. Furthermore, the highly variable effects of TTX and STX on the action potential require some explanation. We discuss these points below.
TTX and STX reduce not only the peak Na+ conductance during an AP; TTX (and presumably also STX) also reduces the resting Na+ permeability (22) (23) (24) however, in the course of perfusing the dish with different solutions there is some change in the resting potential of the myotubes. A hyperpolarization of up to 5 mV could go undetected.
Veratridine has been claimed, on the basis of physiological (17) and a2Na+ uptake experiments (25) , to induce a steady-state activation of the voltage-dependent Na+ ionophores. In these experiments TTX was shown to antagonize the effects of veratridine, but in view of the effect of TTX on the passive permeability to Na+, the interpretation of these results in terms of the activation of voltage-dependent ionophores is ambiguous.
Our results are readily interpreted in terms of a model which assumes that (i) the voltage-dependent Na+ ionophore and the ionophore responsible for the passive permeability to Na+ are functionally distinct entities; (ii) TTX and STX have a low and variable affinity for the voltage-dependent Na+ ionophore (Figs. 1 and 2) ; (ii) TTX and STX block the passive Na+ ionophore (22) (23) (24) ; (iv) veratridine has the dual effects of (a) slowing the closing of the voltagedependent Na+ ionophores which have been opened by current stimuli (Figs. S and 4) and (b) steady-state activation of the passive Na+ ionophore (Table 1) ; (v) TTX or STX cannot antagonize the effects of veratridine on the voltage-dependent Na+ ionophore (Fig. 4) ; and (vi) TTX and STX can antagonize the effects of veratridine on the passive Na+ ionophore (Table 1) . Conclusions similar to these, suggesting heterogeneity in the electrogenic membrane (26), have been reached in studies of the effects of batrachotoxin on cardiac Purkinje fibers (27) and in recent physiological and biochemical work on the grayanotoxins (19, 28, 29) .
However, other alternative models must be seriously considered. By making a number of assumptions about the binding constants of the agents used in this study, our data can be qualitatively explained by a two-state allosteric model which explicitly introduces voltage-dependence of the ionophore but does not assume that a separate ionophore mediates passive Na+ permeability (R. E. Gibson, personal communication).
In both the allosteric model and the model that assumes functionally distinct voltage-dependent and passive ionophores, the variable action of TTX and STX on the AP would be the result of differences in the binding constants of the ionophore for TTX trode(s) to the trigger zone is not known. We have no direct evidence on (i), but (ii) is certainly false in this system where myotubes can extend for distances several times their length constant, exhibit complex branching geometry, be electrotonically coupled and yet appear as separate myotubes, and exhibit the electrogenic heterogeneity mentioned in the introduction. To further linearly relate peak inward current to toxin-ionophore affinity we must further assume that in this system (iWi) TTX and STX affect only the peak Na+ conductance and none of the kinetic parameters and (iv) the voltage at which the peak current is obtained is constant under toxin-free and toxin-containing conditions. Both (iii) and (iv) are unproven in this system or in any system which exhibits resistance to TTX. Thus, resolution of this question will require further experimental tests, most of them involving the use of voltage-clamp techniques.
The insensitivity of the L6 myotubes to a-DH-GTX-II is surprising, and suggests that the molecular receptors for a-DH-GTX-II and veratridine are distinct and separable in L6 myotubes, as opposed to the giant axon of the squid. The possibility exists that a-DH-GTX-II insensitivity and TTX resistance may be linked, inasmuch as crayfish skeletal muscle fibers and Drosophila salivary gland cells are insensitive to both TTX and a-DH-GTX-II (J. G. Starkus and T. Narahashi, personal communication).
